. Details of the theoretical formulation is presented in this Part 1, while its applications and validations are presented in Part 2, Basaran et al. (1998).
Introduction
One of the most challenging aspects of the design of semiconductor devices in the electronics industry is the prediction of the thermal fatigue in the interfaces. This paper presents a nonlinear finite element procedure, including a unified constitutive model for nonlinear behavior of materials and interfaces for the analysis of microelectronics packaging problems. Special attention is paid to interfaces in surface mount technology (SMT) connections which are subject to thermal fatigue due to coefficient of thermal expansion (CTE) mismatch between the bonded assemblies. During its design life, a SMT package experiences a wide range of temperature variations. Temperature cycles cause the solder interfaces in the microelectronics package to experience elastic, plastic and viscoplastic (time dependent creep and relaxation) deformations. Eventually, these deformations cause development and accumulation of microcracking and damage. When the accumulated energy exceeds the microcrack initiation energy the propagation of microcracks becomes inevitable. A number of models have been proposed to predict the behavior of solder interfaces. Some of these are briefly reviewed below. Knecht and Fox (1990) proposed a model using the von Mises yield criterion and based on the empirical data for a Pb/ Sn eutectic solder. Paoet al. (1991) proposed a modified version of the Knecht and Fox model. The micromechanically based model developed by Zubelewicz et al. (1990) has been proposed for crystalline materials such as the Pb96.5/Sn3.5 solder. Subrahmanyan et al. (1989) proposed a damage integral approach for the thermal fatigue of solder interfaces. Another micromechanical constitutive model was proposed by Kashyap and Murty (1981) based on tests the authors conducted on bulk specimens of eutectic solder alloy. Darveaux et al. ( 1991 ) proposed a one-dimensional empirical constitutive model by using an exponential function for characterizing micromechanism of creep. Pan ( 1991 ) proposed a model for plastic deformations in solder interfaces induced by thermal cycling. It considers elastic, plastic, and creep components of the total strain and uses a hyperbolic sine representation to fit the data. Ishikawa and Sasaki (1992) proposed a constitutive model for the Pb40/ Sn60 solder to characterize the room temperature behavior Of the solder by implementing a kinematic hm'dening function with the von Mises yield function. Finally, Lau et al. (1987) proposed a material model based on the yon Mises yield surface, but the model does not include time dependent creep or relaxation features. Most of the finite element procedures use yon Mises or Tresca type classical plasticity material models, Lau et al. (1987) and Simon et al. (1989) . Coffin-Manson curves are commonly used to predict thermal fatigue lifetime, Oshida and Chen (1991) , Tien et al. (1991) , Dasgupta et al. (1992) , Lau et al. (1987) , Tummala and Rymaszeski (1989) and others.
Most of the existing constitutive models do not perform adequately for loading paths other than those from which the material constants are obtained and they do not account for all major material characteristics in a unified manner. In almost all the models, microcracking, damage, and cycles to failure in the material are not treated as an integral part of the constitutive model. As a result, some of the state-of-the-art finite element programs require that the stress analysis and the fatigue analysis be conducted separately, because often the fatigue analysis capability is not available in the same formulation. Sometimes users have to implement their own nonlinear models suitable for their materials. This process can create significant obstacles to the implementation of models required to characterize the behavior of the materials of interest to the user. This is because most of the new and advanced material models require appropriate solution techniques, which may not be easily available in commercial general purpose programs.
Contributed by the Electrical and Electronic Packaging Division for publication in the JOURNAL OF ELECTRONIC PACKAGING. Manuscript received by the EEPD November 10, 1995; revision received May 30, 1997. Associate Technical Editor: V. Sarihan. dated clays. Since then, Desai and coworkers have developed and applied successfully this concept to model the behavior of geomaterials, concrete, ceramics, metals, and metal alloys. Details of the DSC including the formulation, laboratory testing, and validation for various materials are given in Desai (1992) , Desai (1995) , Desai and Ma (1992) , Katti and Desai (1991) , Desai and Toth (1996) , Chin and Desai (1994) , Basaran and Desai (1994) , and . Here a brief description is provided as it relates to the chip-substrate problem.
The DSC is a unified modeling theory for the characterization of the mechanical behavior of materials and interfaces. It allows incorporation of the internal microstructural changes and the resulting mechanisms in a deforming material into the constitutive description. When a material is subjected to external loading, microstructural changes take place in the material. Initially, the material is for the most part in the relative intact (RI) state, which is defined below. As the external loading and consequent disturbances increase, the material transforms from the RI state, to the fully adjusted state (FA) or critical state, which is also defined below. Henceforth, at any given time, the material is composed of randomly distributed clusters of the material in the RI and in the FA (critical) states. Consequently, the observed response of the material is defined by a combination of the responses of the RI and the FA parts. The response of the RI part and the response of the FA (critical) part are treated as the reference responses of the material.
When a material element is subjected to an external disturbance such as a load, a temperature change, and/or an environmental load, the response of the material will not be the same at every point in the material. This is because of the discontinuities within the material, due to reasons such as initial manufacturing flaws and microcracks. Therefore, the material cannot be treated as though it were a homogeneous continuum point, and the continuum mechanics laws can only be applicable for the part that remains continuum and not to the entire domain of the material. To be able to use the continuum mechanics laws for a discontinuous medium with distributed continuum (RI) and (FA) parts, it is necessary to redefine certain variables. This can lead to the simulation of the discontinuous nature of the material.
2.1 Relative Intact State. This material state is the one which excludes the influence of the factors that are considered as causing the disturbance. For example, if microcracking and subsequent softening is considered as the disturbance, the response of the material without microcracking can be treated as the RI. The RI state of the material may vary with respect to the following effects: the initial state of stress such as hydrostatic pressure, initial density, the manufacturing process and other intrinsic factors. Therefore, the intact state is a relative definition. The intact state can be determined experimentally and simulated by using such continuum theories as elasticity, plasticity, and thermoviscoplasticity.
2.2 Fully Adjusted (Critical) State. The fully adjusted state of the material is an asymptotic state at which the material may no longer carry certain or all stresses. In the FA state, the material may be assumed to carry one of the following states of stresses: (a) can not carry any stress and it has zero strength, like a void in the classical continuum damage model (Kachanov, 1986 ); (b) can carry hydrostatic stress but no shear stress at all like a fluid (Frantziskonis and Desai, 1987; Desai, 1992; can carry the hydrostatic and shear stresses reached up until that point, but cannot carry any additional shear stresses, and will deform under shear stresses with zero volume change, similar to the critical state concept (Roscoe and Burland, 1968) . As the FA material is constrained by the surrounding RI material, alternatives (b) and (c) are considered to be more appropriate than alternative (a), which is often used in classical damage models. The disturbance in the material is defined as the ratio of the area (or volume) of the fully adjusted material to the total area (or volume) of the material. In general, the disturbance will be a tensor, Di, but in the case of isotropic materials, such as Pb/Sn solder and many metals, it can be assumed to be a scalar in a weighted sense.
The scalar disturbance in the material can be expressed in terms of internal variables such as the trajectory of the inelastic strains or plastic work, energy dissipated in the system, density, and wave velocities (Desai and Toth, 1996) . The disturbance in the material may be expressed by using the following: a Weibull type exponential function from statistical theory of strength (Kachanov, 1986; Desai and Toth, 1996) ; or in terms of the energy dissipated (Dasgupta et al., 1992; Chin and Desai, 1994) ; or as a function of the disorder (entropy) of the system from statistical mechanics and thermodynamics (Mulhaus, 1994) .
A typical Weibull-type function for scalar disturbance (D), Fig. l(a) , is given by D = D,(i -e-a~b), (la) where D, is the ultimate disturbance for given conditions, which is a material parameter and less than 1.0 for most materials, A and Z are material parameters, and ~O is the trajectory of deviatoric plastic strains given by 42 / Vol. 120, MARCH 1998
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where dE~ is the increment of deviatoric plastic, viscoplastic, or thermoviscoplastic strains. The above material constants are to be determined from laboratory tests (Chia and Desai, 1994) .
Cyclic Behavior. Under cyclic thermomechanical
loading, a material such as Pb/Sn solder experiences plastic strains, microcraking, and fatigue. This often leads to degradation, which is exhibited as drop in the peak shear stress with number of cycles; Fig. 1 (b) shows a schematic of cyclic behavior. Then the disturbance D is expressed as, (Chia and Desai, 1994; Katti and Desai, 1995) ,
where N denotes the number of cycles. Here the plastic strain trajectory is accumulated as the number of cycles progresses. where ~C~e~ and de~ are, respectively, the elasto-plastic (or elasto-viscoplastic) tangential constitutive tensor and the incremental total strain tensor for the FA part. Because of the different stresses in the RI and FA parts, Eq. 4, strain in the RI part of the material is different from the strain in the FA part. Also, the strain in the FA part will usually be greater than that in the RI part. Based on these assumptions the following empirical relationship is proposed:
Disturbed
where a is a relative motion parameter and co is an empirical coefficient, and D is the scalar disturbance function. In general, the disturbance and the relative motion coefficients both will be tensors. For the sake of simplicity, it can be assumed that for the initially isotropic materials, such as most metals, the disturbance and the relative motion coefficient may be taken as scalars. As the disturbance, D, in the material increases, so does the relative motion. Consequently, substitution of Eqs. (5), (6), (7), and Eq. (8) 
+ dD(a~ i
In order to write Eq. (9) in a succinct yet conventional constitutive equation form, it is necessary to derive the term "dD" in terms of de~t. Using the associative flow rule, the normality rule of the incremental plasticity theory and the hierarchical single yield surface 60 model, Desai et al. (1986) , the differential of disturbance can be written as 
where Rs, is given by
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and F is the yield function, which will be discussed subsequently. Substitution of Eq. (10) into Eq. (9) leads to the following incremental constitutive equation: (12) or in the succinct form as dora DSC~e e --i = coklaekt,
where the °scc{e~t is the constitutive tensor for the DSC. If the disturbance, D, were not included [°scc;ekt] would be reduced to the intact or to the continuum formulation. The general DSC formulation accounts for the relative motions within the material, Fig. 2 , which shows weighted collection of RI and FA parts. Furthermore, it also allows for the inclusion of the internal moment in the material, because the stresses in the two parts are different, Fig. 2 (Desai et al., 1997) . The first term in Eq. (12) gives the classical continuum damage formulation (Kachanov, 1986) . The second and third terms in the equation account for the relative motion between the RI and FA parts, and, thus, enables us to account for the energy dissipated within the material due to the different strains in the RI and FA parts of the material. The third term in Eq. (12) indicates different stresses in the two parts, and it includes an internal moment effect. The second and third terms may also be interpreted to denote interaction of microcracks. Here, term Rst can be treated as an implicit moment arm for the internal moment, which exists due to (a~ -~rlj) the stress difference. The moment term in this constitutive relation may be considered similar to the introduction of the moment in the Cosserat and Cosserat (1909) continuum, de Borst and Mehlhaus (1992) , but differs due to the fact that this moment is intrinsically included in the constitutive model, whereas in Cosserat continuum the moment is introduced in the equilibrium equations. The issues of guarantee of ellipticity, size effect, and localization are discussed by Desai et al. (1997) .
Relative Intact State Using Hierarchical Single Surface (HISS) Models. The hierarchial single surface (HISS)
approach for constitutive modeling based on continuum theory developed by Desai (1980) allows for the progressive development of models of higher grades corresponding to different levels of complexities. The basic model, 60, relates to isotropically hardening material that obeys the associative plasticity rule. Models of higher grades, exhibiting isotropic hardening with nonassociative plasticity, 61, and nonassociative response with kinematic hardening 62, are obtained by superimposing modifications onto the basic 60 model (Desai et al., 1986) .
Associative Thermo Plastic Model 60.
The details of this model used to represent the RI state are given in Chia and Desai (1994) , Basaran and Desai (1994) , and . Herein, only a brief description is presented. The yield surface is given by
and
where Pa is the atmospheric pressure, J~* is the first invariant of the stress tensor, R is the temperature dependent bonding stress, Y and/3 are material constants associated with the ultimate stress state, n is the material constant associated with the phase change at which point the material transits from the contractive to dilative state, and 0 denotes temperature. The hardening function ~, expressed in terms of the plastic strain trajectory, is given by
~rq (0) ' where a~ and r h are temperature dependent material constants, and ~ is given by f ,, ~o.5
where de,~ is the tensor of incremental total plastic strains. Schematics of the yield surface F in the Jl -~/J2D and the octahedral spaces are shown in Fig. 3 . Based on the consistency and normality rules of the theory of plasticity, the incremental stress tensor for the RI part is given by
where the tangential elastic-plastic constitutive tensor is
and the thermo-plastic part of the constitutive tensor is 
where n o represents the unit tensor on the yield surface (F) directed outward, ar is the coefficient of thermal expansion, and 6k~ is the Kronecker delta. Temperature dependence of various material constants (elastic and inelastic) is expressed in a unified manner by the following equation (Chia and Desai, 1994) :
where M(O) 1s any temperature dependent material parameter,
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Thermo Elasto-Viscoplastic Model, 6opo. The vis-
coplastic strain rate at time step n + 1 is given by (Desai and Zhang, 1987) {~pO
where { do-. } and dO. are the increments of stress and temperature, respectively, and { I } is a unit vector. Substitution of Eq. (24) into the general time integration scheme leads to
where
At is the time increment, and X is the time integration coefficient. Assuming small strains, the total strain increment for the thermo-elastoviscoplastic problem can be decomposed into elastic, thermal, and viscoplastic components; hence, we can derive the following stress-strain relationship:
where 2.6 Special Cases of the Disturbed State Concept Formulation. The general DSC formulation, Eq. (12) , provides a basis for the extraction of various hierarchical versions depending on specific factors important for a material. In otherwords, the user can select a model depending on a particular need. Equations in these versions are listed below.
Thermo elasto-viscoplastic.
With disturbance. 
~V m where m denotes number of elements, n indicates time dependent load and temperature increment number, and r is the iteration number. The incremental stress vector for the intact part is given by
The incremental stress vector for the fully adjusted part is given by
where For example, if it is assumed the FA material carries hydrostatic stress only, but no shear stress at all, the last three rows of [I] would be zero.
The average incremental stress vector is given by
The computed strains and the associated quantities such as the disturbance are averaged over a patch of finite elements. The nonlocal averaged strain is given by fv Wde~IdV
f v wdV where w is the weighting function for the averaging area. Substitution of Eq. (43) and (44) 
Equation (51) is solved at every iteration of every load and temperature increment. The iterative solution algorithm for this equation is described by Basaran and Desai (1994) and Desai and Basaran (1995) .
Solution of Eq. (51) yields the strains, stresses, and disturbance at every Gauss point in an element in a mesh. Plotting the disturbance values over the mesh provides a picture of the progress of the thermal fatigue failure in the material. Examples are given in Part 2 by Basaran et al. (1998) and Basaran and Desai (1994) .
Conclusions
The finite element procedure with the unified constitutive model based on the DSC presented here allows for solution of engineering problems involving material that exhibit nonlinear response under thermomechanical loading. The DSC allows for elastic, plastic and creep strains, microcracking, damage, and fatigue in an integrated manner. The hierarchical nature of the formulation permits the user to adopt specific versions of the model, starting from the simple linear elastic to the general thermoviscoplastic with disturbance, depending upon the need of particular application. As a result, the proposed formulation provides capabilities beyond those available in previous models and in commercial codes.
It is also shown that the DSC can provide a consistent and robust model that guarantees ellipticity during the material response involving microcracking and resulting discontinuities, size effects and nonlocal effects with the strain averaging. Together with the relative motion between the RI and FA parts, the model can eliminate the spurious mesh dependence in numerical solution. Part II (Basaran et al., 1998) presents validation of the DSC model and the finite element procedure presented herein.
Overall, the proposed computational procedure can provide a powerful means for solution of a wide range of problems involving thermomechanical loading and can lead to improved design and manufacturing applications.
